Introduction
============

Protein molecules destined for the extracellular space are co-translationally isolated from cytosol by recruitment at the endoplasmic reticulum (ER). In contrast with the reducing environment of the cytoplasm, the ER lumen has an oxidizing milieu which is similar with what the secreted molecule encounters outside the cell \[[@b1], [@b2]\]. Once translation and quality control processes occurring within the ER lumen are completed, proteins are exported by the secretory pathway which links the ER to the plasma membrane \[[@b3], [@b4]\]. Although this secretory function of the ER is well documented, little is known about reverse pathways which transport extracellular molecules from the plasma membrane to the ER. These pathways maybe particularly important in the ER stress induced apoptosis, or in the homeostasis of cholesterol, for which receptor molecules are located within the ER \[[@b5]--[@b7]\]. ER-mediated phagocytosis is another example of ER targeting from outside the cell that has been recently proposed as an adaptation of intracellular pathogens to avoid destruction in host cells \[[@b8]\].

Living cells require a continuous supply of molecules that are internalized from the environment by multiple endocytic pathways. These routes may lead to lysosomes where the cargo is degraded. However, many toxins, viruses and lipid vesicles such as melanosomes and exosomes are able to escape the cell degradative pathways \[[@b9]--[@b12]\]. Lysosomes are bypassed by some endocytosed viruses that escape from endosomes in the cytoplasm through fusion pores generated at low endosomal pH. Remarkable strides have been made recently in tracing some bacterial toxins, but also viruses within the ER of the host cell. Indeed, some toxins, including cholera toxin, find their way to the ER after endocytosis, by taking the retrograde pathway starting from endosomes and passing through the Golgi to the ER \[[@b13]\]. Although some retrograde endocytic pathways are well characterized, the direct routes that transport molecules from the plasma membrane to the ER have only recently started to be deciphered. At least two viruses, simian virus 40 (SV40) and polyomavirus are targeted to the ER of the infected cell for processing and retrotranslocation in the cytoplasm \[[@b14], [@b15]\]. Interestingly, the internalized viruses are transported to the ER *via* both caveolin-dependent and caveolin-independent pathways, depending, in part, on the host cell, but mostly on unknown factors.

Here we show that besides toxins and viruses, vesicle encapsulated ligands are selectively internalized and may as well find their way to the ER, avoiding cytoplasm exposure. We have dissected the pathway that drives a molecule encapsulated into a lipid vesicle from the extracellular space to the ER. Our data showed that an encapsulated cargo entering the cell through either a clathrin- or a non-clathrin non-caveolae mediated endocytosis takes a microtubule driven way requiring endosomal acidification that targets the ER.

Materials and methods
=====================

Reagents
--------

Laboratory reagents and different inhibitors used to investigate liposome entry and traffic were from Sigma (St. Lois, MO, USA). Reagents for tissue culture were from GIBCO BRL (Auckland, NZ) and RPMI 1640 medium was frp, Euroclone (Milano, Italy). 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine (DOPE), L-α-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (RhPE) and L-α-phosphatidylcholine (PC) were from Avanti Polar Lipids (Alabaster, AL, USA); cholesteryl hemisuccinate (CHEMS) and cholesterol (Chol) were from Sigma. ER-tracker blue-white DPX, cholera toxin subunit B (CTB)-Alexa Fluor 594 conjugate (CTB-594), CTB-Alexa Fluor 488 conjugate (CTB-488), transferrin-Alexa Fluor 594 conjugate (Tf-594), dextran-Alexa Fluor 594 (Dex-594), Organelle Lights ER-OFP (ER-OFP), MitoTracker Red CMXRos and LysoTracker Red DND-99 were from Invitrogen (Eugene, OR, USA).

Cell culture
------------

MDBK (Madine Darbin bovine kidney), HeLa and HUH7 cells were cultivated in tissue culture flasks at 37°C and 5% CO~2~ in RPMI 1640 medium supplemented with L-glutamine (2 mM), 10% (v/v) heat-inactivated foetal bovine serum, penicillin (50 U/ml) and streptomycin (50 μg/ml). The number of passages varied between four and ten for all cell lines tested.

Preparation of liposomes
------------------------

For pH-sensitive liposomes, DOPE and CHEMS lipid solutions were mixed in a molar ratio of 3 : 2, placed into round-bottom flask and the chloroform was removed by rotary evaporation (Laborota 4000, Heidolph Instruments GmbH & Co. KG, Schwabach, Germany) under reduced pressure for 1--2 hrs. The dry lipid film was hydrated in PBS to yield a final concentration of 10 mmol of lipids per litre. Liposome membrane was labelled with 0.5 mol% RhPE. For liposomes-containing calcein the lipid film was hydrated in a 50 mM calcein solution in PBS. The liposomes solutions were sonicated for 1.5 hrs with a bath sonicator, and the liposomes were extruded 21 times through a polycarbonate filter of 100-nm pore diameter (Nucleopore, Whatman, Clifton, NJ, USA), using a Mini-Extruder device (Avanti Polar Lipids). The non-encapsulated calcein was removed by gel-filtration chromatography on a 10 × 20 Sepharose CL-4B column (Amersham Biosciences, Fairfield, CT, USA). In some experiments calcein was replaced by lactoferrin protein. Bovine lactoferrin (Morinaga Milk Industry, Zamashi, Japan) was labelled with Texas Red-X succinimidyl ester (Molecular Probes, Eugene, OR, USA) according to the manufacturers protocol. The unbound dye was removed by gel-chromatography on Sephadex G-25. The labelled protein (LF-Tx) was included in DOPE: CHEMS liposomes as above. pH-insensitive liposomes were made of PC: Chol (3 : 1 molar ratio) by the same procedure as pH-sensitive liposomes.

Drug treatments
---------------

Cells were pre-incubated for 30--60 min. at 37°C in medium containing 200 nM bafilomycin A1 (BAF), 30 μM nocodazole (NOCO), 10 μM cytochalasin D (CYTD), 10 mM methyl-β-cyclodextrin (MβCD), 50 μg/ml nystatin (NYST), 0.2 mM dansylcadaverine (DC), 10 μg/ml chlorpromazine (CP), 5 μg/ml Brefeldin A (BFA) or 50 mM NH~4~Cl. The drugs were present during the liposome treatment and maintained throughout the chase period.

Transduction experiments with the ER-OFP
----------------------------------------

The ER-OFP construct cloned into a baculovirus encodes the orange fluorescent protein fused with the ER signal sequence of calreticulin and the KDEL retention sequence to allow ER localization. Cells were seeded on chamber slides 1 day prior to transduction experiments and allowed to reach 60--80% confluence before proceeding with the treatment with the ER-OFP reagents according to the manufacturers' protocol. After 24 hrs the cells were incubated for 30 min. with liposome-included calcein, washed and chased 5 hrs at 37 °C before imaging.

Fluorescence microscopy techniques
----------------------------------

DOPE: CHEMS liposomes encapsulating calcein and/or DOPE: CHEMS liposomes containing RhPE in their membrane were added to the cells grown on chamber slides (Nunc, Roskilde, Denmark) at final concentration of ∼0.1 mM. Cells were incubated with liposomes for 30 min. at 37°C, or 1 hr at 4°C, washed with culture medium and visualized on a Nikon Eclipse E600 fluorescence microscope (Tokyo, Japan) at different chase times. ER-tracker (1 μM), Dex-594 (0.1--1 mg/ml), CTB-594 or CTB-488 (5 μg/ml) were used for intracellular co-localization of liposomes. To visualize the endocytic pathway HeLa cells labelled with calcein liposomes were treated for 15 min. with Tf-594 (50 μg/ml), followed by 15 min. incubation in the absence of the dye.

All the experiments were performed with live cells with the exception of laser scanning confocal microscopy. In this latter case HeLa cells were treated with liposome-included calcein and CTB-594 for 30 min. (37°C), washed and chased for 5 hrs. Cells were fixed for 15 min. with 4% paraformaldehyde (PFA) and visualized with a Nikon TE2000 microscope equipped with an Ar 488 laser, a He-Ne 543 laser, a diode laser at 408 nm and a 60× oil immersion objective (N.A. 1.49 Plan Apo TIRF). Sequential scanning of 0.2-μm sections was used for co-localization studies. A total of 61 images were captured using Nikon EZ-C1 software and analysed using either Nikon EZ-C1 viewer or NIH ImageJ software. Three-dimensional blind deconvolution was made with Autoquant software. All the images shown are representative of at least two independent experiments.

FACS analysis
-------------

MDBK or HUH7 cells were seeded in six-well plates 1 day prior to experiment and allowed to reach ∼70--80% confluence. Cells were pre-treated or not with different inhibitors (30 min., 37°C) and liposomes-containing calcein were added for 30 min. at 37°C. Cells were washed and incubated for 1.5 hrs in fresh medium to allow the calcein release from liposomes. The drugs were present during the chase period. Cells were detached with trypsin ethylenediaminetetraacetic acid, suspended in FACS buffer (2% foetal bovine serum in PBS), and subjected to FACS analysis. FACS analysis were performed with a FACSCalibur (BD Biosciences, Bedford, MA, USA) equipped with a 488 nm argon ion laser. Fluorescence emission of samples (10,000 events/sample) was collected at 530 nm (FL1) on a logarithmic scale with a 1024 channel resolution. The analysis gate was set on live cells, and the median fluorescence intensity (MFI) was determined using CellQuest Pro software (BD Biosciences). Statistical data was represented from the MFI of three independent experiments.

Results
=======

Accumulation of liposome-delivered cargo within a perinuclear organelle
-----------------------------------------------------------------------

To follow the intracellular trafficking of internalized vesicles, we used liposomes loaded with the membrane-impermeant calcein molecule \[[@b16]\] and liposomes labelled with the lipophilic marker RhPE. MDBK cells were pulsed with equal amounts of both liposomes for 30 min. and chased for 5 hrs at 37°C. RhPE liposomes were slowly internalized in vesicular structures found mainly near the plasma membrane ([Fig. 1A](#fig01){ref-type="fig"}). Starting 2 hrs from internalization, most of the liposomal lipids and calcein accumulated around the nuclei, showing a partial overlapping with the ER-tracker, a cell-permeant dye, highly selective for the ER \[[@b17]\]. Although the ER-tracker stained both perinuclear and peripheral ER, confirming previous reports \[[@b18]\], calcein and RhPE fluorescence were confined to the perinuclear area. Further confirmation for the ER localization of calcein came from its overlapping with another ER marker, the orange fluorescent protein KDEL ([Fig. 1D](#fig01){ref-type="fig"}). This was a surprising finding, because these types of liposomes that destabilize at acidic pH have been reported to deliver their content mainly to the cytoplasm \[[@b19], [@b20]\]. In contrast, free calcein and pH-insensitive liposomes made of PC: Chol were inefficiently internalized ([Fig. 1B and C](#fig01){ref-type="fig"}). Moreover, the calcein cargo did not overlap with the Golgi, lysosomes or mitochondria markers tested (Fig. S1). Similarly, liposome-treated HeLa cells showed a prominent overlapping of calcein with the two ER markers suggesting that this maybe a more common intracellular traffic route ([Fig. 3](#fig03){ref-type="fig"}).

![Internalization of vesicles-containing calcein results in calcein accumulation within the ER. MDBK cells were incubated with liposome-loaded calcein and RhPE liposomes for 30 min. at 37°C, washed, and kept in culture for the indicated times. (A) 30 min. before visualization cells were incubated with the ER marker, ER-tracker (*blue*). Lipid marker RhPE and calcein were visualized in *red* and *green* channel, respectively. (B) Cells were treated for 30 min. at 37°C with ∼0.2 mM PC: Chol liposomes-included calcein, washed and chased 2 hrs in fresh medium. (C) Cells were treated with free calcein for 30 min. at 37°C, washed and incubated for 2.5 hrs in fresh medium. (D) MDBK cells transduced with ER-OFP (*red*) were incubated with liposome-included calcein for 30 min. at 37°C and imaged after 5 hrs chase. Scale bar 10 μm.](jcmm0013-3110-f1){#fig01}

![Co-localization of calcein with CTB in the ER of HeLa cells. (A) HeLa cells were treated with liposome-loaded calcein (30 min., 37°C), and chased for 3 hrs in fresh medium. 30 min. before visualization cells were labelled with ER-tracker. Live cells were visualized with Nikon E600 microscope. (B) As in (A), except that Tf-594 were added at the end of the chase for 15 min., washed away and the cells were further incubated for another 15 min. (C) CTB and liposome-included calcein were allowed to enter HeLa cells for 30 min. at 37°C. Cells were washed and incubated in medium for 3 hrs. (D) Confocal image of HeLa cells treated as in (C) except that after 5 hrs of chase the sample was fixed with 4% PFA. (E) HeLa cells transduced with ER-OFP (*red*) were incubated with liposome-included calcein (30 min., 37°C) and imaged after 5 hrs chase. Scale bar 10 μm.](jcmm0013-3110-f3){#fig03}

Internalization of liposome cargo is affected by cholesterol depletion and endocytosis inhibitors
-------------------------------------------------------------------------------------------------

Using various inhibitors of endocytosis we examined the liposomes uptake into the cell. The effects of these drugs were examined by testing the uptake of specific endocytosis markers (dextran, transferrin and lactosylceramide) in mock *versus* treated cells (Fig. S2). Because several reports have documented the role of cholesterol in the endocytic pathway, we performed cholesterol depletion with MβCD or sequestration of plasma membrane cholesterol with NYST to block the cholesterol-dependent internalization routes \[[@b15], [@b21]--[@b23]\]. As shown by FACS analysis MβCD inhibitor produced a 99% loss of calcein fluorescence in liposomes treated cells, whereas NYST resulted in a ∼61% decrease in fluorescence ([Fig. 2A and B](#fig02){ref-type="fig"}).

![Effects of inhibitors on the liposomes uptake and traffic. (A and B) Flow cytometry for the analysis of liposome uptake in the presence or absence of inhibitors (*black line* and *dotted line histograms*, respectively). Cells were treated or not with inhibitors and liposomes-containing calcein were added as in 'Materials and methods'. *Grey line histograms* represent negative control cells. (A) Median fluorescence intensity of calcein in positive control cells = 100%. Error bars indicate standard deviation (*n*= 3 independent experiments). (B) The numbers in the histogram plots were calculated from the median fluorescence and indicate the percentage of uptake inhibition induced by drugs. Median fluorescence of positive control cells was set to 100%. (C) After 1 hr pre-treatment with inhibitors MDBK cells were incubated with liposome-included calcein for 30 min. at 37°C in the presence of drugs. Liposomes were removed and cells were further incubated in the presence of drugs for either 2 hrs (CYTD), or 5 hrs (the other inhibitors). (D) As in (C), but 30 min. before visualization cells were incubated with the ER marker, ER-tracker (*blue*). Scale bar 10 μm.](jcmm0013-3110-f2){#fig02}

To test the role of actin fibres we used CYTD, an inhibitor of actin polymerization \[[@b24], [@b25]\]. Treatment of cells with CYTD had relatively little influence on the liposomal entry, as shown by FACS measurements ([Fig. 2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}).

To determine if the liposomes were internalized by the cells through a clathrin-mediated pathway we tested the effects of CP and DC, inhibitors of clathrin-mediated coated vesicle formation \[[@b26]--[@b30]\]. Only 22--25% of the control cells fluorescence remained in the DC and CP treated cells ([Fig. 2B](#fig02){ref-type="fig"}). The results indicated that the liposomes uptake was inhibited by cholesterol depletion while being dependent on clathrin-mediated processes.

To investigate whether intact microtubules were required for internalization we have used NOCO which significantly reduced the initial liposome uptake to 65% of the control, indicating a role for microtubules in this process ([Fig. 2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}).

Because the uptake into caveosomes is pH independent we next investigated whether the liposomal transport was affected by pH changes \[[@b31]\]. First, BAF, which inhibits endosomes acidification by specifically blocking the endosomal ATPase pumps, has been evaluated \[[@b32]\]. As shown in [Fig. 2A](#fig02){ref-type="fig"}, the fluorescence intensity measured by FACS indicated a dramatic loss which went up to 80% from the fluorescence of the untreated cells ([Fig. 2B](#fig02){ref-type="fig"}). On the other hand, treatment of cells with NH~4~Cl to elevate the endosomal pH \[[@b33]\], reduced the cell fluorescence to approximately 35% of the positive control ([Fig. 2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}). The uptake process involved a prominent pathway which does not require actin, and is dependent on microtubule transport (65%), but also on endosome acidification (65--80%).

Microtubule and pH-dependent trafficking of liposome cargo
----------------------------------------------------------

We further visualized the fluorescence distribution of the liposome cargo in cells treated with the above inhibitors for 5 hrs ([Fig. 2C](#fig02){ref-type="fig"}). Treatment of cells with CYTD led to a major cell shape modification due to the actin fibre de-polymerization with a diffuse distribution of calcein within the cell. MβCD had dramatically impaired liposomes entry; hence calcein fluorescence was almost absent. Diffuse fluorescence with some vacuolar structures was observed in cells treated with NYST, DC, CP and NH~4~Cl. In BAF-treated cells the calcein fluorescence was vague and localized in the vicinity of the plasma membrane, with no co-localization with the ER-tracker ([Fig. 2D](#fig02){ref-type="fig"}). Disruption of the microtubule cytoskeleton with NOCO resulted in a rather faint punctuate calcein pattern different from the bright fluorescent staining of the perinuclear region in control cells ([Fig. 2D](#fig02){ref-type="fig"}). These experiments show that the perinuclear accumulation of the cargo is impaired by the endosomes alkalinisation and requires an intact microtubular network.

Calcein and lactoferrin co-localize with CTB in the ER of HeLa cells
--------------------------------------------------------------------

To further investigate the intracellular localization of liposome cargo, we used fluorescently labelled human transferrin as endosomal marker, fluorescent dextran as lysosomal marker and CTB as marker for ER. Previous work has reported that transferrin receptor reached recycling endosomes 30 min. after internalization \[[@b34]\]. In our experiment, HeLa cells were treated for 30 min. with liposomes-containing calcein, washed and incubated with liposome-free medium for 3 hrs and Tf-594 was added 30 min. before visualization. As seen in [Fig. 3B](#fig03){ref-type="fig"}, calcein and transferrin had different distribution patterns.

Cholera toxin enters the cells mainly through a caveolae-mediated pathway and is internalized within caveosomes which transport it to the Golgi compartment \[[@b13], [@b35]\]. From here the toxin takes the retrograde pathway reaching the ER in about 3 hrs \[[@b36]\]. As MDBK cells did not internalize the CTB we used HeLa cells which have efficiently uptaken the toxin. We have treated the cells with both the calcein liposomes and the CTB, followed by visualization after 3--5 hrs of chase by conventional microscopy. As seen in [Fig. 4C](#fig04){ref-type="fig"}, the distributions of CTB (red) and calcein (green) were very similar, indicating that a significant percentage of calcein reaches the ER of these cells. We also performed co-localization experiments with liposome-loaded calcein and CTB after 5 hrs internalization in fixed HeLa cells. A total of 61 Z-stack images were acquired using a confocal microscope and the 3D deconvolution was made with Autoquant software. As seen in [Fig. 3D](#fig03){ref-type="fig"}, although a proportion of the calcein fluorescence has been lost after fixation procedure, the remaining calcein co-localized with CTB in the ER. Further, calcein was shown to substantially overlap with the orange fluorescent protein-KDEL, confirming its ER localization found in the presence of the ER-tracker and cholera toxin ([Fig. 3E](#fig03){ref-type="fig"}).

![Lipid vesicles with lactoferrin do not use the retrograde pathway to reach the ER. HeLa cells were not treated (A) or pre-treated for 30 min. with BFA (B), and liposome-loaded LF-Tx (LLF-Tx), and CTB-Alexa Fluor 488 conjugate (CTB-488) were added to the cells for 30 min. The cells were washed and chased for 5 hrs in the presence (B) or absence (A) of the inhibitor. The cell nuclei were labelled with DAPI. Scale bar 10 μm.](jcmm0013-3110-f4){#fig04}

To test whether the liposomes trafficking involved the Golgi apparatus we used liposomes containing Texas Red-labelled lactoferrin (LLF-Tx) and CTB-Alexa Fluor 488 (CTB-488) in the presence of BFA which is known to block the retrograde transport of the cholera toxin \[[@b30]\]. As seen in [Fig. 4](#fig04){ref-type="fig"}, LLF-Tx and CTB-488 co-localized in HeLa cells at 5 hrs after internalization. In contrast, when cells were treated with BFA, only lactoferrin displayed perinuclear localization, whereas CTB was predominantly spread at the cell periphery.

Further confirmation for the lack of Golgi involvement in the plasma membrane-to-ER transport of lipid vesicles came from the lack of co-localization of either calcein or RhPE with NBD C~6~-ceramide/TR C~5~-ceramide, which are well-characterized Golgi markers (Fig. S1A and B). No significant co-localization of loaded calcein with lysosomes (Fig. S1C and D) and mitochondria (Fig. S1E) could be observed.

Vesicular trafficking is not impaired in caveolin-1-deficient cells
-------------------------------------------------------------------

To estimate the role of caveolin-dependent endocytosis for the pH-sensitive liposomes trafficking, we have analysed their uptake by HUH7, a human hepatoma cell line with no detectable levels of caveolin-1 \[[@b15]\]. As shown in [Fig. 5A](#fig05){ref-type="fig"}, even in the absence of caveolin-1, HUH7 internalized the pH-sensitive liposomes and both calcein and RhPE-labelled lipids were superimposed with the ER-tracker at 3--5 hrs after internalization. Only scarce overlapping with Tf-594 ([Fig. 5B](#fig05){ref-type="fig"}) and Dex-594 ([Fig. 5C](#fig05){ref-type="fig"}) was observed in HUH7 cells. Next, we have used the endocytosis inhibitors to measure the liposomal uptake by HUH7 cells by flow cytometry ([Fig. 5D](#fig05){ref-type="fig"} and [E](#fig05){ref-type="fig"}). In an experiment similar with the one in [Fig. 2B](#fig02){ref-type="fig"}, BAF and NH~4~Cl reduced the uptake by 65--70%, whereas CP and DC inhibition varied between 35% and 65%. NOCO showed only 46% inhibition and CYTD went up to 80%. Depletion of membrane cholesterol by MβCD had the most powerful inhibitory effect (more than 90% inhibition). NYST treatment resulted in a 78% inhibition of the liposome uptake in HUH7 cells. We conclude that cholesterol depletion strongly inhibits the liposome uptake in these cells deficient in caveolin-1, as previously reported for the SV40 entry in HUH7 cells \[[@b15]\]. In contrast to SV40, liposomes require microtubules for entry, indicating that the uptake pathway maybe different. In addition, non-caveolae non-clathrin endocytosis could account for 40--65% of the pathways, whereas the rest is clathrin mediated.

![Endocytosis of liposomes-containing calcein in HUH7 cells. (A) HUH7 cells were incubated with liposome-loaded calcein and RhPE liposomes for 30 min. at 37°C, washed and cultivated for 5 hrs. 30 min. before visualization cells were labelled with ER-tracker. (B) HUH7 cells were incubated for 30 min. with liposome-entrapped calcein, washed, and cultivated in liposome-free medium for ∼4 hrs. 30 min. before visualization cells were labelled with Tf-594. (C) Cells were treated as in (B), except that the Dex-594 was added 48 hrs before the liposome-loaded calcein. Scale bar 10 μm. (D and E) Flow cytometry for the analysis of liposome uptake in the presence or absence of inhibitors (*black line* and *dotted line histograms*, respectively). HUH7 cells were treated or not with inhibitors and liposomes-containing calcein were added as in 'Materials and methods'. *Grey line histograms* represent negative control cells. (D) Median fluorescence intensity of calcein in positive control cells = 100%. Error bars indicate standard deviation (*n*= 3 independent experiments). (E) The numbers in the histogram plots were calculated from the median fluorescence and indicate the percentage of uptake inhibition induced by drugs. Median fluorescence of positive control cells was set to 100%.](jcmm0013-3110-f5){#fig05}

Discussion
==========

Internalized cargo can escape the endocytic pathway to reach the ER by either direct or retrograde pathways. Direct pathways may involve activated caveosome routes, as in the case of some viruses \[[@b14], [@b15]\], or may use constitutive endocytic pathways, as shown here for extracellular lipid vesicles. A likely scenario based on our results is that a lipid vesicle is able to bypass the degradative cytoplasmic pathways by triggering constitutive ER targeting routes upon entry.

To investigate the internalization of an extracellular lipid vesicle we made use of PE-based fusogenic liposomes with ubiquitous uptake in mammalian cells. Using two tumour-derived cell lines (HeLa and HUH7) and a normal, non-transformed one (MDBK) we found that multiple routes were used by these vesicles to penetrate the cells. However, regardless of delivery route, all cells had in common a progressive perinuclear accumulation of the cargo and lipids. This was dependent upon endosomal acidification and availability of microtubule pathways. The perinuclear clustering was paralleled by a time-dependent dilution de-quenching of calcein cargo as a result of its release from liposomes. Liposome destabilization and fusion with the endosome bilayer upon endosomal acidification has been previously documented \[[@b16]\]. Basically, the acidic environment can induce the formation of non-bilayer phase in the DOPE: CHEMS liposome, facilitating the fusion by lipid rearrangements between the two membranes. Whether this fusion is followed or not by release of the encapsulated material into the cytosol, is still a matter of debate \[[@b37]--[@b39]\]. Our data clearly indicate that the mechanism of the intracellular delivery is more complicated that initially thought with little indication for vesicle leakage into the cytoplasm. Noteworthy, the fusion of destabilized liposomes with the endosomal membrane does not necessarily involve destabilization of the endosomes, as it has been repeatedly suggested \[[@b40]--[@b42]\]. This is in contrast with many viruses pathways, which upon fusion with the endosomal membrane are released into the cytosol. Bovine diarrhoea virus, for example, a virus infecting MDBK cells, is endocytosed by clathrin coated vesicles \[[@b43], [@b44]\], in a cholesterol-dependent manner, similar to the fusogenic liposomes entry. In this case, it is highly likely that besides the fusion of the viral membrane with the endosome, the low pH triggers additional events (related to either generation of pores or endosome destabilization) leading to the cytoplasmic delivery of the viral RNA. Similarly, influenza virus is translocated in the cytoplasm at acidic pH of the early endosomes. Initially designed as virus mimics liposomes start to reveal some of the molecular events required for efficient virus infection. Further confirmation comes from the reported cytoplasmic delivery of a liposome preparation modified with a pH-sensitive fusogenic peptide \[[@b45]\]. This would be in accordance with our findings supporting a mechanism based on the transient formation of liposome-endosome organelles following an ER delivery pathway. We documented the ER targeting based on the partial co-localization of the liposomal cargo (calcein and lactoferrin) with several ER markers: ER-tracker, cholera toxin and an ER targeted fluorescent protein. Besides this pathway one cannot exclude other routes such as lysosomal or cytoplasmic, which may be favoured by subtle variations in the lipid composition of the fusogenic vesicles.

Previous reports have shown that PE-based liposomes enter the cells using multiple pathways \[[@b39]\]. We found that PE-based fusogenic liposomes entered MDBK cells predominantly by clathrin-dependent endocytosis. Caveolae-deficient cells line, such as HUH7, internalized the lipid vesicles not only by clathrin mediated but also by non-clathrin non-caveolae pathways.

Although different endocytic pathways were predominant in the cell lines tested, we found a ubiquitous requirement for cholesterol-mediated internalization route. This was effective in both caveolin-1^+^ and caveolin-1^--^ cells because MDBK and HUH7 cells displayed an impaired uptake of liposomal calcein under cholesterol depletion, supporting the notion that caveolin absence does not impair the plasma membrane-ER trafficking, despite noticeable differences between the two intracellular routes. Endocytosis to caveosomes is blocked by cholesterol depletion, although this treatment is not highly specific \[[@b31], [@b46]\]. Indeed, it has been reported that cholesterol depletion can inhibit clathrin coated pit budding \[[@b47]--[@b49]\]. As HUH7 cells are deficient in caveolin-1, and the uptake of lipid vesicles is predominantly clathrin independent, it is possible that cholesterol depletion may also affect other endocytosis pathways \[[@b50], [@b51]\]. GPI-enriched endosomal compartment (GEEC) pathway is another possible route of liposome internalization \[[@b52]\]. Interestingly, actin polymerization is required both for this pathway and for liposomes uptake in the HUH7 cells. Hence, GEEC pathway could remain a possible way of liposomal uptake in cell lines.

In an attempt to characterize the destination organelle of the encapsulated cargo by preserving intact the subcellular structures we constantly avoided the use of cell fixation, reported to induce artefacts \[[@b53]\]. This might have been an important issue explaining why this particular ER targeting pathway has not been found before, despite the intense scrutiny of the liposome delivery routes. This route may find significant applications in the drug targeting of ER processes such as protein aggregation and glycosylation. Indeed, it has been recently shown that glycosylation inhibitors could be efficiently delivered to the ER of various cells such as melanoma and HIV infected T cell when encapsulated in the DOPE: CHEMS liposomes \[[@b54], [@b55]\].

The microtubule-dependent endocytic transport to the ER indicated two alternative pathways: (*i*) cargo is transported from the early endosomes to late endosomes, a route known to require microtubules and from here to the TGN and further to the ER, by the retrograde pathway; (*ii*) cargo is directly transported from fused endosomes to the ER, a pathway that has not been consistently documented so far. To discriminate between these two pathways, we used Golgi markers in co-localization studies and BFA to impair the TGN-to-ER traffic. Besides the absence of cargo co-localization with the Golgi we found that in HeLa cells BFA had no effect on the intracellular trafficking of encapsulated lactoferrin. In contrast, CTB remained in pre-Golgi structures with no co-localization with the ER, indicating that there is a different direct pathway taken by the liposomal cargo en route to the ER.

In conclusion, lipid vesicles are internalized by both clathrin-mediated and clathrin-independent endocytosis pathways which require an acidification step for liposomes destabilization and fusion with the endosomes. The fusion event possibly triggers a microtubule driven pathway which avoids classical sorting endosomes and favours an ER pathway. This is an alternate to the SV40 virus caveolar route using a pH dependent, direct plasma membrane-to-ER pathway to efficiently deliver extracellular encapsulated cargo to the ER. Although further studies are needed to dissect this novel pathway in more detail, the finding of a second major ER targeting route leads to the idea that the import of molecules from the outside cell into the ER could be as important for the cell function as its secretion processes. On the other hand, our findings add to the extensive use of liposomes as drug delivery carriers, by proposing this new ER delivery route. This pathway may be used to specifically deliver to the ER drugs such as chemical chaperones, glycosylation inhibitors, cholesterol synthesis inhibitors, anti-ER stress drugs.
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**Fig. S1** The calcein cargo does not co-localize with theGolgi, lysosomes or mitochondria markers. MDBK cells were incubatedfor 30 min. with RhPE liposome or with liposome-included calcein.The Golgi compartment was labelled with (**A**) NBDC~6~-ceramide (*green*), or (**B**) TRC~5~-ceramide (*red*). The acidic compartment waslabelled with LysoTracker Red (**C**), or with dextran-AlexaFluor 594 (**D**), the mitochondrion with MitoTracker Red(**E**) and the ER with ER-OFP (**F**).The cells werevisualized after 3\--5 hrs. Note that the red channel signal wasincreased to emphasize the LysoTracker fluorescence. No significantco-localization with Golgi apparatus, lysosomes and mitochondriacould be observed. Note the substantial overlapping with the ERmarker. Scale bar 10 μm.

**Fig. S2** Uptake of dextran, lactosylceramide andtransferrin in cells treated with endocytosis inhibitors.(**A**) HeLa cells were mock treated or pre-incubated with BAF(200 nM) or NOCO (30 μM) for 30 min., followed by the uptake ofthe dextran-Alexa Fluor 488 (Dex-488) (1 mg/ml) for 25 min. at37°C (**B**) MDBK cells were pre-treated or not (mock) withMβCD (10 mM) or NYST (50 μg/ml) for 30 min., incubated withBODIPY FL C~5~-lactosylceramide (LacCer) 30 min. at10°C, washed and chased 10 min. at 37°C. We determined theability of the lactosylceramide to penetrate the treated cells,because this compound uptake through the caveolar pathway isblocked by sterol-binding compounds \[23\]. (**C**) As in(**A**), but instead of Dex-488 the uptake of Tf-594 (50μg/ml) as marker for clathrin-mediated endocytosis was observed.Cells were pre-treated with DC (0.2 mM), CP (10 μg/ml), NH4Cl(50 mM), or CYTD (10 μM).Cells were washed, fixed with PFA 4%,mounted with VectaShield with DAPI and imaged. All inhibitorsyielded more diffuse fluorescence of the markers as compared withthe mock cells, demonstrating the specificity of these drugs forthe endocytic pathways analysed.
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